Remarkably, the overexpression of human NF heavy heimer's disease. We report here such deregulation subunits (NF-H) increased by up to 65% the life span of Cdk5 activity associated with the hyperphosphoryof mice expressing SOD1
We report here that the p25/p35 ratio and Cdk5 activity thereby reducing the noxious hyperphosphorylation of tau and other cellular substrates. are abnormally elevated in the spinal cord of transgenic mice expressing SOD1 G37R and that this is associated with the hyperphosphorylation of NF and tau proteins.
Results There was a slowing down of disease in three SOD1 G37R mouse lines exhibiting abnormal accumulations of NF High p25/p35 Ratio and Deregulated Cdk5 Activity in SOD1 G37R Mice proteins in perikarya of motor neurons. We propose that perikaryal NF accumulations may act as a phosphorylaTo investigate the potential involvement of kinases in disease caused by mutant SOD1, we have compared tion sink for deregulated Cdk5 activity in ALS mice, by immunohistochemistry the distribution of various kinases in the spinal cord of SOD1 G37R mice (line 29) and of normal mice. Phospho-dependent antibodies recognizing activated or inactivated forms of MEK1/2, Erk1/ 2, JNK, p38, Gsk-3␤, and p70S6K did not reveal major immunostaining differences in spinal motor neurons between SOD1 G37R mice and normal mice (data not shown). However, activated forms of Erk1/2, p38, and p70S6K were detected in glial cells of SOD1 G37R mice (data not shown). In contrast, a striking difference was observed in the immunostaining of motor neurons with antibodies against Cdk5. In normal mice, anti-Cdk5 antibodies yielded very poor immunoreactivity in the cell body of spinal motor neurons ( Figure 1A, upper panel) , whereas an intense Cdk5 immunostaining was observed in spinal motor neurons of SOD1 G37R mice ( Figure 1A , second panel, white arrowheads). Moreover, whereas Cdk5 is normally targeted to the cell membrane (Patrick et al., 1999), the Cdk5 in SOD1 G37R mice was detected in the cytoplasm and nucleus of motor neurons ( Figure 1A , last three panels, white arrows). Such mislocalization of Cdk5 in neurons has been previously attributed to the conversion of p35 to p25, which lacks the conserved myristoylation sequence of p35 (Patrick et al., 1999).
Using an antibody (C-19) recognizing both the p25 and p35 fragments, we have determined by Western blotting the p25 and p35 levels in spinal cord extracts from normal mice and from SOD1 G37R mice ( Figure 1B ). The p25/p35 ratio in total spinal cord extracts from SOD1 G37R mice was higher than those from normal mouse littermates ( Figure 1B, lanes 1-4) . The increase of p25/ p35 ratio in SOD1 G37R mice was even more pronounced in soluble spinal cord extracts (Figures 1B, lanes 5 and 6). Quantitative analysis of the band signals from the soluble fraction using the ImageQuant and Gel Pro Analyzer software revealed a 3-fold increase of p25/p35 ratio in SOD1 G37R mice as compared with normal littermates ( Figure 1B) . The increase of p25 protein levels in SOD1 G37R mice was further confirmed by Western blots with an antibody recognizing specifically the N terminus of p25 but not p35 ( Figure 1C) . Immunostaining of spinal cord sections from SOD1 G37R mice with an anti-p25 N-terminal antibody further confirmed the presence of p25 in spinal motor neurons ( Figure 1D ). These results suggest that p25 is likely responsible for the mislocalization of Cdk5 in motor neurons of SOD1 G37R mice. Note that in spite of its mislocalization, the levels of Cdk5 protein in the spinal cord of SOD1 G37R mice remained similar to those in normal mice, as revealed by immunoblotting with polyclonal C-8 and monoclonal J-3 antibodies ( Figure 1E ). Preincubation of C-8 antibodies with a Cdk5 blocking peptide abolished the immunoreactivity for Cdk5. To determine whether the high p25/p35 ratio was associ- lanes 1 and 2) .
spinal cord of normal mice. Bar, 10 m. munoprecipitated with anti-Cdk5 antibodies from spinal cord lysates (250 g) followed by a kinase assay using histone H1 as exogenous substrate. Figure 1F (upper gel) shows an autoradiogram of 32 P-labeled histone H1 using Cdk5 from spinal cord extracts of normal and SOD1 G37R mice. The lower panel in figure 1F shows the detection of immunoprecipitated Cdk5 with C-8 antibodies. Quantification of radioactivity incorporated in histone H1 was performed by phosphoimager and adjusted to the level of Cdk5 immunoprecipitated. Our analysis revealed a 2-fold increase of specific Cdk5 kinase activity in lysates of SOD1 G37R mice (8-12 months old) as compared with age-matched normal littermates (histogram in Figure 1F ).
Hyperphosphorylation of Tau and NF Proteins in SOD1
G37R Mice We then examined whether the increased Cdk5 activity in SOD1 G37R mice was associated with hyperphosphorylation of Cdk5 cytoskeletal substrates such as tau and NF proteins. We used the AT-8 and PHF-1 antibodies that recognize three phosphoserines ( * The median of life probability is defined as the age at which the probability of survival is 50%.
In addition, the AT-8 antibodies were used for immunoan accumulation of these unassembled NF subunits was detected in the perikaryon of motor neurons ( . Moreover, the perikaryal further the effects of NF organization and distribution NF accumulations were found to be less protective in on SOD1-mediated disease, we generated crosses be-SOD1 G37R mice that exhibit exceedingly high levels of tween SOD1 G37R mice and mice in which the NF-H or deregulated Cdk5 activity. NF-L gene had been deleted (respectively, G37R;H Ϫ/Ϫ and G37R;L Ϫ/Ϫ mice). This was done by breeding procedures with previously described NF-H and NF-L knock- Such colocalization of perikaryal NF proteins with Cdk5/activators was not observed in spinal cord sections from normal mice (Figures 4D-4O) , hNF-H transgenic mice (Figure 4P-4X) and NF-L null mice ( Figure  4Y-4GЈ) . In SOD1 G37R mice with normal NF background, the codetection of p25, p35, and Cdk5 with phosphorylated NF-H in neuronal cell bodies was sometimes observed (Figure 4 , panels HЈ-PЈ), but not to the same extent as in SOD1 G37R mice with perikaryal NF accumulations (Figure 4 QЈ-H″) . We estimated that ‫%03ف‬ of motor neurons in L5 spinal cord of SOD1 G37R mice showed perikaryal colocalization of p25/Cdk5 with phosphorylated NF-H. In contrast, the majority of spinal motor neurons in G37R;L Ϫ/Ϫ mice ‫)%07ف(‬ and in G37R;hNF-H mice (90%) showed colocalization of p25/Cdk5 with phosphorylated NF-H in their perikaryon. Immunostaining of spinal cord sections from the G37R;hNF-H or G37R;L Ϫ/Ϫ mice with antibodies against other kinases, including MEK1/2, Erk1/2, JNK, p38, Gsk-3␤, and p70S6K did not show colocalization of these kinases with perikaryal NF inclusions (data not shown). The one exception was JNK that was found to localize to small-rounded intracellular inclusions distinct from the perikaryal NF inclusions in G37R, G37R;hNF-H, and G37R;L Ϫ/Ϫ mice (data not shown).
as revealed with C-19 antibody (C, white arrow). Double immunofluorescence experiments confirmed the colocalization of p25/p35 and Cdk5 with perikaryal accumulations of NF proteins (QЈ to H″), whereas p25/p35 and Cdk5 did not colocalize with hyperphosphorylated NF-H in cell bodies of normal mice (D-O), hNF-H transgenic mice (P-X) and NF-L null mice (Y-GЈ). In G37R mice with a wild-type NF background, the colocalization of Cdk5 and its activators with hyperphosphorylated NFs was sometimes observed (HЈ to PЈ). For instance, (NЈ) to (PЈ) show the colocalization of p25 with some perikaryal phosphorylated NF-H. Immunofluorescence experiments on (J) to (L) were performed with the N-20 antibodies that recognize specifically the N terminus of p35 but not p25, whereas p25/p35 immunoreactivities on (H), (I), (T), (U), (CЈ), (DЈ), (LЈ), (MЈ), (UЈ), (VЈ), (D″), and (E″) were obtained with the C-19 antibodies that recognize both p25 and p35. (N), (O), (W), (X), (FЈ), (GЈ), (OЈ), (PЈ), (XЈ), (YЈ), (G″), and (H″
Following the method of graded centrifugation described previously by Veeranna et al. (2000), we analyzed the distribution of NF, Cdk5, p25, and p35 proteins in different pellets (P) and supernatants (S) (discussed previously in this article). Briefly, protein extracts from the spinal cord of normal and SOD1 G37R mice were differentially separated by centrifugation (P1 to P3, S1 to S3). These extracts were then fractionated by SDS-PAGE followed by immunoblotting using specific antibodies. Figure 5A shows the levels and distribution of NF proteins in fractions from SOD1 G37R mice (G37R), G37R;hNF-H, and G37R;L Ϫ/Ϫ mice. Note that the G37R;L Ϫ/Ϫ mice exhibit a considerable reduction in levels of NF-M and NF-H. In all mice, the NF proteins were recovered essentially in P1, P2, and P3 fractions, whereas Cdk5 was recovered in both P1 and S1 fractions. It is noteworthy that the shown in Figure 5D , the anti-Cdk5 antibodies pulled down phosphorylated NF-H in spinal cord extracts from SOD1 G37R and G37R;hNF-H mice. Moreover, in extracts from SOD1 G37R mice lacking NF-H (G37R;H Ϫ/Ϫ ), the antiCdk5 antibodies immunoprecipitated hyperphosphorylated NF-M species, as detected with SMI 31 antibodies. The cross-reactivity of SMI 31 with hyperphosphorylated NF-M is a phenomenon that was reported previously in NF-H null mice (Zhu et al., 1998) .
The majority of p35 and p25 was recovered in the soluble S1 fraction ( Figure 5C ). Note that the p25/p35 ratio in the H and S1 fractions from SOD1 G37R mice (0.5 Ϯ 0.2) was identical to the ratio in samples from G37R;hNF-H and G37R;L Ϫ/Ϫ mice (0.5 Ϯ 0.1). Therefore, we conclude that the protective effect of perikaryal NF inclusions in SOD1 G37R mice does not result from a decrease of p35 cleavage to p25. 
Perikaryal NF Proteins Attenuates Tau Phosphorylation

Correlation between Cdk5 Activity in SOD1 G37R
Mice and Longevity
We thought that a correlation between Cdk5 activity and severity of disease would provide further evidence for (1995) , overexpress the SOD1 transgene by ‫-21ف‬fold and ‫-5ف‬fold, respectively. As shown in Figure 7 , the levels of Cdk5 activity in spinal cord extracts were more elevated (2-fold) in mice from line 42 with a longevity of ‫42ف‬ weeks than in those from line 29 with a life span of ‫25ف‬ weeks.
To examine the effect of perikaryal NF accumulations on the life span of mice with high levels of Cdk5 activity, we generated doubly transgenic SOD1
G37R
; hNF-H 43 by crossing SOD1 G37R mice of line 42 with hNF-H 43 mice. The survival curves in Figure 7 revealed that hNF-H overexpression conferred little protection in SOD1 G37R mice of line 42. The hNF-H transgene slowed down disease progression by ‫1ف‬ week in SOD1 G37R mice from line 42, whereas it extended the life span of mice from line 29 by ‫61ف‬ weeks (Figures 7A and 7C ). These combined results are consistent with a Cdk5 contribution to disease, and they suggest that exceedingly high levels of Cdk5 activity could override the benefit of the NF phosphorylation sink.
Discussion
We report here that a deregulation of Cdk5 activity is associated with disease caused by mutant SOD1. Our results revealed a mislocalization of Cdk5 in the cytoplasm of motor neurons, an elevated ratio of p25 to p35, and an increase of Cdk5 activity in SOD1 G37R mice, models of ALS. The deregulated Cdk5 activity in SOD1 
